Bycatch, or the incidental capture of non-target species, occurs in fisheries around the world, with often detrimental ecological consequences. Bycatch reduction devices (BRDs) that increase catch specificity have been used successfully in some fisheries, and the development of such devices remains an important component of the global effort to reduce bycatch rates. We tested novel devices designed to exclude juvenile rockfish (Sebastes spp.) from traps used to catch spot prawns (Pandalus platyceros), a commercially important species in British Columbia, Canada. The devices included reductions in trap opening sizes and novel bent-tunnel openings. Reducing trap opening size did not affect bycatch rates of rockfish or other non-target fish species. In contrast, benttunnel BRDs eliminated rockfish bycatch, and two of the bent-tunnel variants also excluded other fish species. However, prawn catch rates were reduced in all modified gear, and large prawns were often excluded more than small prawns. Videos recorded in situ revealed that prawn attempts to enter traps took longer and were more likely to fail in BRD-equipped than in unmodified traps. We conclude that bent-tunnel BRDs have the potential to be useful, but improvements are needed to increase prawn catch to levels similar to that of unmodified traps.
Introduction
Bycatch-or the unintentional catch of non-target species during fishing-represents an ongoing challenge to fisheries managers. Globally, between 8 and 40 percent of fishing mortality is attributed to the capture of non-target species during the fishing process (Kelleher, 2005; Davies et al., 2009) , and bycatch has been implicated in population declines of cetaceans (Read, 2008) , various species of seabirds (Lewison et al., 2005; Dillingham and Fletcher, 2008; Watkins et al., 2008) , turtles (Wallace et al., 2008) , and sharks (Ward et al., 2008) .
The magnitude of bycatch in a fishery depends in large part on the selectivity of the gear used (Chuenpagdee et al., 2003) . Some gears are selective by nature, while others, such as benthic trawls, are notoriously unselective (Alverson et al., 1994) . It is increasingly common to develop modifications, or Bycatch Reduction Devices (BRDs), which improve the selectivity of existing gears (FAO, 2002) . Some BRDs are highly successful (Isaksen et al., 1992; Shiode and Tadash, 2004) , but as a whole the development and testing of BRDs lag behind the number of identified bycatch issues in fisheries around the world (Kennelly and Broadhurst, 2002) .
Though some gear types are well known for their high bycatch rates, conservation problems can also arise from the use of traditionally selective gears. Trapping is a common fishing practice that is often assumed to be sustainable due to normally low bycatch rates and minimal habitat destruction. However, as with any fishing gear, trap-based fisheries do capture some non-target species (Carlile et al., 1997) . For example, in British Columbia, on the west coast of Canada, a large-scale trap fishery exists to catch spot prawns (Pandalus platyceros). From 2002 From -2008 , an average of 3.4 million traps were deployed each year during the eight-week season . Prawns traps are highly selective, but bycatch of juvenile rockfish (Sebastes spp.) has been observed, albeit at a low rate per trap (Favaro et al., 2010; Rutherford et al., 2010) . Due to the large number of trapdays, even a low per-trap bycatch rate has the potential to produce significant numbers of fish lost in absolute terms. This bycatch is an issue because the majority of the 37 rockfish species occurring in BC waters are vulnerable to overfishing due to their late age at maturity and variable recruitment success (Leaman, 1991; Love et al., 2002) , leading to the decline of rockfish populations over the past decades (Love et al., 2002; Yamanaka et al., 2004; Yamanaka et al., 2006) . In addition, rockfish caught in traps and discarded do not survive, due in part to the barotrauma-induced rupture of their swim bladders when rapidly brought to the surface in fishing gear (Hannah et al., 2008) . The quillback rockfish (Sebastes maliger) is the most common rockfish species caught in prawn traps (Favaro et al., 2010; Rutherford et al., 2010) , and has been listed as "threatened" by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC) (COSEWIC, 2009a) -the independent scientific body which recommends species for listing under the Species at Risk Act in Canada (COSEWIC, 2009b) .
The motivation to reduce rockfish bycatch in prawn traps is twofold. First, due to the depressed state of rockfish populations, any development that reduces mortality could assist the recovery of these species. Second, prawn trapping is one of the activities permitted within Rockfish Conservation Areas (RCAs), areas where most commercial fishing activities are banned to facilitate rockfish recovery (Fisheries and Oceans Canada, 2007) . The bycatch of rockfish by prawn traps in RCAs, even at low rates, could inhibit the recovery of rockfish within these areas, jeopardizing the mandate of RCAs to protect rockfish from "all mortality associated with recreational and commercial fisheries" (Fisheries and Oceans Canada, 2007) and potentially leading to stricter fishing regulations.
The greatest challenge in tackling problematic bycatch is that BRDs must not only reduce or eliminate bycatch, but must also maintain catch rates of the target to have as small an impact as possible on fisher livelihoods. It is therefore important when designing new devices to assess the catch rates of both target and non-target species, as well as the selectivity of the conventional and modified fishing gears across body sizes of organisms (Holst and Revill, 2009) .
In this paper, we examine the effectiveness of various BRDs at eliminating rockfish bycatch while maintaining prawn catch at levels close to those of unmodified commercial traps. We test two broad families of BRD designs -simple reductions of the size of the trap openings, and novel opening attachments designed to facilitate prawn entry while excluding rockfish and other fishes from the traps. Using both catch data from a large field study and data collected in situ using an underwater camera apparatus purpose-built to record activity around deployed prawn traps , we assess the performance of BRDs by comparing the catch of modified traps to the catch of unmodified commercial gear, and examine bycatch rates and size selectivity of each gear design. Our primary goal was therefore to assess these novel BRDs, test how they perform at excluding non-target species while retaining target species, and-based on observations from the video data-determine potential ways to improve the performance of the gear for future use in the commercial fishery.
Material and Methods

Bycatch reduction device designs
Commercial prawn traps have a truncated cone design made up of three stainless steel circular rings, covered by a 3.8 cm soft mesh ( Figure 1a ). There are three circular entrances, held open by 7.6 cm-diameter stainless steel rings, on the sides of each trap. There is no one-way door or other device which prevents prawns or other organisms from escaping the trap, but based on in situ video observation, escape rates from traps are low A trap with a twist: evaluating a bycatch reduction device to prevent rockfish capture in crustacean traps 115 (BF, unpublished data) . The selectivity of these traps is determined largely by the diameter of the entrances (preventing large organisms from entering), as well as the size of the mesh on the trap (preventing escape). However, since mature spot prawns and juvenile rockfish are similar in size, it is unlikely that a simple size adjustment of the mesh or entrances will exclude rockfish while maintaining prawn catch rates. We nevertheless tested two entrances of smaller diameters (6.4 cm and 7.0 cm; Figure 1c ) than the standard entrance ring (7.6 cm).
We also designed BRDs based on extensive observations of prawns and rockfish interacting with traps. Observations were made of animals in experimental aquaria, in the wild by scuba divers, and through analysis of video collected by a deep-water camera apparatus attached to a prawn trap . Prawns move in three ways: by walking on their pereiopods (legs), swimming using their abdominal pleopods, and by eliciting a retrograde escape response where they flick their abdominal tail to escape predators (Bauer, 2004) . When prawns approach and enter prawn traps, they predominantly do so by walking along the mesh, up the side of the trap, and through the openings (BF, personal observation, Video S1). By contrast, rockfish swim using a combination of labriform and subcarangiform swimming modalities (Sfakiotakis et al., 1999) , in which they use their pectoral fins for slow, precise movement, and their tail fins for fast travel. We therefore designed a series of bent-tunnel BRDs that were built to restrict the ability of rockfish to move within the opening (i.e. by requiring an unnatural bend of the fish's body), while providing a ladder-like structure for prawns to crawl over. These devices attached to the trap entrance rings, and comprised a series of rings that formed a curved tunnel (Figure 1b) . We used rings rather than a solid bent tunnel (such as with a PVC elbow) because prawns appeared to have difficulty crawling over smooth plastic surfaces (BF, personal observation). We tested three bent-tunnel BRDs of increasing length, i.e. with four, five, or seven rings (Figure 1b) . These BRDs were hand-built by cutting a 7.6 cm stainless steel pipe into small rings, which were spot-welded in place. We tested PVC versions of the openings in a pilot study, but they were not durable and did not retain their shape during normal fishing use.
Field test
Between June and August 2010, we field-tested five BRDs (i.e. two entrance-ring and three bent-tunnel variants) as well as unmodified traps (control) to identify the BRD design that offers the best trade-off between minimizing bycatch while maintaining prawn catch. From a 9.8 m-long research vessel, we deployed gears in "strings" which contained 10 traps connected to a single line weighted with one cinder block at each end. We deployed a total of 154 strings (i.e. 1540 traps). The most common configuration of traps in each string was: two control traps (7.6 cm entrances), one trap with 7.0 cm entrances, one trap with 6.4 cm entrances, and two of each BRD variant (4-ring, 5-ring, and 7-ring), with the order of traps being randomized within each string. Early in the study, we included PVC variants of the BRDs (so that each string had one steel and one PVC variant of each BRD type) but all PVC variants were eventually discarded because they were not durable (total of 155 PVC-BRD traps excluded). In addition, we included the 6.4 cm variant one week into the study, when we became curious about a more extreme reduction in trap opening size. One string of gear was lost during the study, while another was carried several kilometres from its original deployment site, and so its data were discarded. Three traps also became detached from one string line and were lost. Data from 1362 traps were therefore included in the present analysis (322 control traps (i.e. 7.6 cm entrances), 256 traps with 7.0 cm entrances, 145 traps with 6.4 cm entrances, 214 traps with 4-ring tunnels, 214 traps with 5-ring tunnels, and 211 traps with 7-ring tunnels).
We deployed gear in two regions of southern British Columbia ( Figure S1 ): Howe Sound, near Vancouver (49825 ′ 30 ′′ N 123820 ′ 00 ′′ W), and the southern Gulf Islands, near Sidney (48839 ′ 00 ′′ N 123823 ′ 00 ′′ W). We selected deployment sites based on personal experience of prawn fishing, input from commercial fishers, and local knowledge. We baited all traps with standard commercial prawn bait, which is made of fishmeal pellets (Rutherford et al., 2004) . Deployment depths ranged from 50 to 120 m (mean + 1 SD: 82+ 17 m, determined by depth sounder), and strings were deployed for an average of 26.5 + 11.6 h (range: 12.8 to 98 h) before retrieval, thus matching commercial fishing conditions ( 24 h, Fisheries and Oceans Canada, 2011) .
Traps were retrieved with an electric Anchormax capstain winch, which pulled strings at a steady rate of approximately 0.2 ms
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. We recorded the number of individuals of each species caught, as well as the total weight of each species caught per trap. For fishes we recorded individual fish weight as well as total length, body width, and body depth at the deepest point. In addition, we recorded the carapace length (i.e. the distance from the posterior orbital rim to the median dorsal carapace edge, Butler, 1980) of each captured prawn.
Statistical analysis
To compare rates of fish bycatch and prawn catches across gear designs, we used generalized linear mixed-effects models (GLMMs) and linear mixed-effects models (summary of models; Table S1 ; Bolker et al., 2009) . GLMMs are a powerful tool for data analysis in ecology, and their use has become widespread because they can handle data that violate many assumptions necessary for simple linear models (Zuur et al., 2009) . In addition, the nested nature of our experimental design (i.e. catch data nested within strings) can be incorporated in the models as random effects. We displayed most of our data using beanplots, a boxplotlike method of data presentation that shows all values recorded in a given category, while plotting an estimated distribution around the data (Kampstra, 2008) . In beanplots, there is no arbitrary exclusion of outliers -rather, all data are displayed along with a mean for easy comparison between groups (Kampstra, 2008) .
The first suite of models examined the bycatch of all fishes across fishing gears. There were too few captures of rockfish (see Results) to examine this group separately from other fish families. First, we examined the rate of fish bycatch per trap by testing the fixed effects of trap variant (control, 7.0 cm opening, 6.4 cm opening, 4-ring, 5-ring, and 7-ring tunnels) and fishing region (Howe Sound and Gulf Islands) while incorporating the random effect of string identity. Differences in overall catch rates between regions could make the interpretation of differences among trap variants within region difficult. Therefore, when catch rates varied significantly between regions, we repeated the analysis separately for each region, testing variants against unmodified traps. We assumed a negative binomial distribution of fish catch rates (verified with the Curvefit function in the VCD package in R -Likelihood Ratio: Meyer et al., 2011) , and conducted the analyses using the glmmADMB package in R (Skaug et al., 2011) . We also examined the body depth and body mass of fishes caught across trap variants and regions (both fixed effects, with string as a random effect) to determine potential underlying reasons for any exclusion attributed to the BRDs. These two variables were distributed normally, enabling us to construct linear mixed-effects models using the simpler NLME package (Pinheiro et al., 2011) . We logtransformed fish body weight to improve the model fit. While fish bycatch rates are reported mostly by count in the commercial fishery, prawn catch is reported by weight. Therefore, in our analysis of prawn catch, we examined the weight of prawns caught per trap rather than prawn number. We used a linear mixed-effects model to test the effects of trap variant and fishing region on weight of prawns caught per trap, while incorporating string identity as a random effect. Since there was a large difference in prawn catch rates between fishing regions (see Results), we conducted a separate analysis for each region. Finally, we tested the effect of trap variant and fishing region on the body sizes (i.e. carapace length) of prawns caught.
We then performed a catch comparison analysis, following the procedure outlined in Holst and Revill (2009) , to test whether body size affected the likelihood of being caught in BRD gear vs. control gear. In this procedure, GLMMs are used to plot the relationship between proportion of catch in traps of each BRD type versus control traps, and the body size of organisms caught in the gear (Holst and Revill, 2009 ). For prawns, our measure of body size was carapace length, while for fishes it was body depth, as we expected the ability of fish to enter traps to be limited by the length of their dorsoventral axis. This framework is designed to highlight the differences in catch between unmodified and modified traps, and it tests the proportion of catch across the spectrum of observed body sizes which occurred in each trap variant vs. control traps. Variability associated with sampling over multiple deployments of our gear is incorporated in the model as a random effect. We began by fitting polynomial regressions followed by reductions until all terms were significant. We used the glmmPQL function from the MASS package (Venables and Ripley, 2002) in R to conduct this analysis separately for fishes and spot prawns.
Video deployment and analysis
While catch data can provide information on the effectiveness of each BRD, they do not reveal the mechanism of action, i.e why BRDs may be increasing or decreasing bycatch (Sala et al., 2011) . We therefore deployed traps equipped with a specially designed underwater camera apparatus to compare the performance of control and BRD-equipped traps. We analyzed video collected from five deployments of our underwater camera apparatus at a location in Howe Sound ( Figure S1 ). Three deployments were conducted with unmodified, 7.6 cm opening traps, and two were equipped with 5-ring BRDs. Video duration ranged from 12.1 to 13 h per deployment (Table S2) .
We recorded data from our videos by counting the number of prawns that entered the field of view (termed "approaches"), and the number which attempted to enter ("attempts"). An attempt was recorded every time a prawn climbed onto the mesh immediately surrounding a trap opening. The time between prawn contacting the mesh and entering the trap through an opening ring was recorded as the "time to enter." Alternatively, if the prawn did not enter, and instead crawled or swam away from the trap opening after starting its approach, the attempt was recorded as a "failure to enter". Using these data, we calculated the average proportion of successful entry attempts, as well as the mean time to enter, across video deployments of control and 5-ring BRD-equipped traps, and compared them using t-tests of unequal variances (Ruxton, 2006) . In addition, we took qualitative notes about the prawns' entry process, focusing on identifying design issues that could be affecting prawn entry into the traps.
Results
Rockfish bycatch
We caught a total of only six rockfish across all traps. Three were caught in unmodified (control) traps (one greenstriped rockfish, Sebastes elongatus, two quillback rockfish, S. maliger), two in traps with 7.0-cm entrances (one quillback rockfish, one vermillion rockfish, S. miniatus), and one (Puget Sound rockfish, S. emphaeus) in traps with 6.4-cm entrances. We caught no rockfish in 639 deployments of tunnel-equipped traps.
Overall fish bycatch
We caught a total of 118 individual fish across the entire study, which comprised the aforementioned four species of rockfish as well as 17 other species or families of fish (Table S3 ). Fish body weight ranged from ,50 g to 900 g (mean + 1 SD ¼ 187 + 184 g), and body depth ranged from 0.8 cm to 7.8 cm (mean + 1 SD ¼ 4.3 + 1.4 cm).
Overall fish bycatch rates were 69% and 68% lower in the traps equipped with 5-and 7-ring BRDs, respectively, than in control traps (GLMM: 5-ring, Figure 2a ). Fish catch rates in traps with other BRDs (i.e. both entrance diameter reductions, and 4-ring tunnel) did not differ significantly from those in the control traps. Fish capture rate in Howe Sound region was only 32% of that of the Gulf Island region (b ¼ -1.150, S.E. ¼ 0.292, z ¼ -3.94, p , 0.001). Patterns of fish catch were therefore examined separately in each region. Within the Gulf Islands, the 5-ring and 7-ring designs reduced fish capture by 66 and 72%, respectively, relative to unmodified traps (Table S4 ). In comparison, in Howe Sound, where only 28 fish were caught, all designs except the 6.4 cm-opening trap produced significantly lower fish bycatch rates than unmodified traps (reductions in fish catch: 7.0 cm, 87%; 4-ring, 86%; 5-ring, 78%; 7-ring, 71%; Table S4 ).
Trap design also had significant influence on both the average body weight (Figure 2b ) and body depth (Figure 2c ) of trapped fishes. Fishes were, on average, 38% lighter in traps with 5-ring BRDs (LME: b ¼ -0.962, S.E. ¼ 0.290, t ¼ -3.317, p ¼ 0.002), and had significantly shallower average body depth in traps with 5-ring and 7-ring entrances than in the control traps (LME: 5-ring, b ¼ -1.656, S.E. ¼ 0.495, t ¼ -3.347, p ¼ 0.002; 7-ring, b ¼ -2.316, S.E. ¼ 0.521, t ¼ -4.450, p , 0.001). Fish body weight and body depth did not vary across the other trap variants or between regions.
Prawn catch
Every trap variant caught fewer prawns overall than unmodified traps (Table S4 ). The catch of prawns, in terms of total weight per trap, was greater in Howe Sound than in the Gulf Islands (mean + 1 SD: Howe Sound ¼ 337 + 380 g trap
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, Gulf Islands ¼ 140 + 250 g trap 21 ; LME: b ¼ 241, S.E. ¼ 36, t ¼ 6.6, p , 0.001), leading to separate A trap with a twist: evaluating a bycatch reduction device to prevent rockfish capture in crustacean traps further analyses for each region. In the Gulf Islands, the low overall catch masked any effect of BRDs because all traps experienced low catches, although the 5-and 7-ring BRDs caught fewer prawns than control traps (Table S4) . By contrast, in Howe Sound where overall prawn catch was greater, all BRDs reduced prawn catch significantly compared to the control traps ( Figure 3a , Table S4 ). Overall, prawns caught in Howe Sound were significantly smaller than those caught in the Gulf Islands region (LME: b ¼ -0.117, S.E. ¼ 0.031, t ¼ -3.751, p , 0.001). In Howe Sound, captured prawns were significantly larger in unmodified traps than in the traps equipped with 7.0 cm entrances (LME: b ¼ -0.072, S.E. ¼ 0.030, t ¼ -2.385, p ¼ 0.017), 5-ring (LME: b ¼ -0.103, S.E. ¼ 0.027, t ¼ -3.802, p , 0.001), and 7-ring tunnels (LME: b ¼ -0.138, S.E. ¼ 0.029, t ¼ -4.793, p , 0.001) (Figure 3b ). In the Gulf Islands, only the 7-ring tunnels caught significantly smaller prawns than unmodified traps (LME:
Body size selectivity of trap variants
In the traps equipped with 5-ring BRDs, the proportion of total fish catch (expressed by numbers) dropped markedly as fish body depth increased (Figure 4 , Table S5 ). These BRDs were therefore disproportionately selective against increasingly deeperbodied fishes. For traps equipped with 4-ring and 7-ring tunnels, and 7.0-cm, and 6.4-cm entrances, there was no relationship between fish catch proportion and body depth (Figure 4) . For prawns, all BRD designs caught less than 50% of the total catch (by weight), and size-selectivity was evident for all trap designs except for the traps with 6.4-cm entrances (Figure 4 ). For traps with 5-and 7-ring tunnels, which were best described by a linear GLMM, the relative proportion of observed catch (by weight) in BRD-equipped traps decreased as carapace length of prawns increased (Figure 4 , Table S5 ). The relationships between catch proportion and carapace size for traps with 7.0-cm entrances and 4-ring tunnels were best described by quadratic models, suggesting that they were selective against both small and large prawns, but allowed the entry of mid-sized prawns, though still to a lesser extent than unmodified traps (Figure 4 , Table S5 ).
Mechanisms of action of BRDs: Video evidence
In five deployments of the camera apparatus, we recorded 38 hours of video of control traps, and 25 hours of video of traps equipped with 5-ring BRDs. Across all videos, we observed a total of 2380 spot prawns approach the trap (Table S2 ). Of those, 777 attempted to enter, and 243 did so successfully (180 in control traps, 63 in 5-ring deployments). The average proportion of successful entries was higher in unmodified traps (mean + 1 SD ¼ 46% + 12%) than in traps with 5-ring tunnels (18% + 12%; t ¼ 3.273, df ¼ 2.9, p ¼ 0.049). Furthermore, it took longer for prawns to complete entries in the modified traps (mean + 1 SD ¼ 106 + 9 s) than in control traps (57 + 19 s; t ¼ -3.871, df ¼ 2.9, p ¼ 0.033).
In control traps, prawns could easily crawl through the openings uninhibited. Prawns attempting to enter modified traps crawled easily over the rings of the BRD, but often caught their . GLMM-modeled proportions of the number of fish and prawns caught in each gear type in relation to fish (top; body depth, the largest distance measured on the dorsoventral axis of the fish) or prawn (bottom; carapace length, the distance from the posterior orbital rim to the median dorsal carapace edge) body size. The horizontal line at y ¼ 0.5 indicates that catch was similar between the modified and unmodified traps (i.e. 50% of the catch at any given body size occurred in each trap type). Lower values indicate that fewer organisms at a given length were caught in the BRD-equipped traps than in the unmodified traps. The thick black lines show the modelled means, while the grey shading indicates the 95% C.I. Line drawings of fish and prawn from (Fisheries and Oceans Canada, 2011) and (Whitney, 1911) , respectively.
A trap with a twist: evaluating a bycatch reduction device to prevent rockfish capture in crustacean traps rostrums between the two bottom rings of the tunnel entrance (Video S2). It often took multiple attempts for prawns in modified traps to successfully negotiate the opening.
We observed a single quillback rockfish enter an unmodified trap on video. The rockfish spent 26 min 20-30 cm above the trap before attempting (and failing) to consume a Dungeness crab (Metacarcinus magister), which had climbed on top of the trap (Video S2). After this interaction, the rockfish remained above the trap for six more minutes before entering the trap through one of the openings. While inside the trap, the rockfish attempted to consume trapped prawns twice, but both attempts failed. The rockfish was present in the trap for the remainder of the video, but it escaped in the 8 hours between termination of recording and gear retrieval. We observed no attempt by rockfish to enter the 5-ring-equipped traps.
Discussion
In this study, we tested potential technical solutions to a bycatch problem in a trap fishery. To be adopted in a fishery, a BRD should satisfy three main conditions: it should achieve reduction in bycatch, it should maintain a target catch, and it should be practical for use in the fishery (e.g. durable, minimal alteration to fishing process). If these three criteria are met, the BRD will achieve the goal of maintaining a fishery's profitability while achieving conservation outcomes. Our tunnel BRDs appear to meet the first and third criteria: we found that novel bent-tunnel devices, which can be easily attached to standard commercial prawn traps, were effective at excluding rockfish and other species of fish, and that BRDs with 5-and 7-rings were more selective than 4-ring devices. However, none of the BRDs tested here met the second criterion. We found that any modification, including a simple reduction in the size of the trap openings, reduced significantly the capture of prawns. Our in situ observations of prawns interacting with traps give us insights into modification needed to develop an optimal BRD that can prevent fish entry into traps while maintaining prawn catches.
Our bent-tunnel entrances, particularly the 5-and 7-ring BRDs, were highly effective at excluding fishes from prawn traps, compared to unmodified traps. They were also better at excluding fishes than simple reductions in opening size, in terms of both the numbers and sizes of fish caught. The 5-ring tunnel BRD was especially selective against larger fishes of the sizes that correspond to the juvenile rockfish most commonly caught in commercial traps (BF, unpublished data). The complete exclusion of rockfish by the bent-tunnel BRDs is especially important because of the precarious state of many rockfish populations (Yamanaka and Lacko, 2001; Love et al., 2002) . The catch rates of rockfish in our unmodified traps was low but comparable to rates observed in the commercial fishery: the average rockfish encounter rate in the commercial fishery from 2002-2008 was 0.004 rockfish per trap in Howe Sound, and 0.002 and 0.008 for regions within the Southern Gulf Islands . The lower rate of capture in tunnel-equipped traps also extended to other fish species of commercial interest, such as Pacific cod (Gadus macrocephalus), which like rockfish are sensitive to barotrauma-induced mortality (Nichol and Chilton, 2006) . Those fish species which were not excluded by BRDs, such as small sculpins and eelpouts, are likely of less concern owing to their lack of a swim bladder and apparent ability to survive the capture and discard process (Berghahn et al., 1992) .
From a product design perspective, the tunnel BRDs appeared to be practical to use in a commercial fishery. First, they are easy to attach to existing traps, hence fishers would not have to fully replace their usual complement of 300-500 traps. Second, the devices do not require alteration in fishing behaviour, so there is little risk that improper use will reduce the effectiveness of these devices. Third, they are extremely durable, and we experienced no damage to our devices, which were used daily across two months of field study. Finally, since these devices attach to the inside of the traps only, they present no risk of snags or entanglements during the deployment and retrieval processes.
The reduction in fish bycatch in traps equipped with BRDs came at the expense of reduced prawn catches. The difficulty in maintaining prawn catch with BRDs was highlighted by the results from the BRDs with smaller entrances. Even the traps equipped with 7.0 cm entrances, which is a mere 0.6 cm reduction in opening diameter, yielded a 28% reduction in prawn catch in Howe Sound. The large effect on prawn catch of such a minor trap modification suggests that most physical devices which slightly hamper prawn entry into traps are likely to negatively affect prawn catch to some degree. Our in situ video data gave us insights into how such difficulties arise, at least with bent-tunnel BRDs. A high proportion of prawns that attempted to enter traps with tunnel entrances failed to negotiate the bend because their rostrum got stuck between the rings of the BRDs. As a result, it took substantially longer for prawns to complete a successful entry into modified traps than into unmodified traps. It appears that to facilitate prawn entry, we should retain the lattice-like structure that allows prawns to crawl into the trap, but we need to develop a method to prevent rostrum entanglement. One possible solution might be to use a tunnel that is solid and smooth on top (on the outer bend) but ringed on the bottom (on the inner bend).
There may be alternative (non-design) ways for the fishing industry to cope with the use of BRDs that reduce the catch of target organisms. One possibility for the prawn fishery might be to extend the short fishing season to allow fishers to accumulate catches similar to those obtained without BRD-equipped traps. However, increasing overall fishing effort would also increase the absolute amount of bycatch produced by the fishery (Hall and Mainprize, 2005) . Simple back-of-the-envelope calculations (see online supplement) suggest that, given the BRD-specific observed reductions in prawn catch and the corresponding BRD-specific increases in fishing effort required to compensate for these reductions, the 5-ring and 7-ring BRDs would still achieve reduced fish bycatch relative to unmodified traps (Table 1 ). In fact, the 5-ring BRD appears to be the best option, extending the fishing season by 60% but still producing only 39% as much fish bycatch as the current fishery (Table 1) . By contrast, traps with reduced opening sizes would produce substantially more fish bycatch than unmodified traps during extended fishing seasons (Table 1) .
Another possible way to reduce the negative effect of BRDs on prawn catch may be to adopt a flexible, site-dependent use of the devices. This would be highly unusual, since when BRDs are used to improve catch specificity, they are usually mandated for use across the entire fishery (Broadhurst et al., 2012) . However, the easily attachable design of our bent-tunnel devices could permit managers to require these devices only in areas where rockfish bycatch is known to be high, or where the tolerance for bycatch is low, such as in Rockfish Conservation Areas. A site-specific adoption rule could represent a compromise which would 120 B. Favaro et al. enable prawn fishers to access RCAs, where prawn catches are sometimes high (BF, personal observations) while maintaining the purpose of the closed areas as refuges from rockfish extraction (Yamanaka and Logan, 2010) .
In summary, we found that, as expected, simple reductions in entrance size did not reduce fish bycatch in the spot prawn fishery. In fact, if the fishery increased effort to compensate for the reduced prawn catches of these modified traps, fish bycatch could actually increase compared to the current fishery. However, tunnel-based BRDs appeared to be effective at excluding fishes, but in their current form also result in lower prawn catches that may be unacceptable to the fishing industry. Our in situ observations of deployed traps point to a potential modification to the tunnel BRDs that could mitigate the loss in prawn catch, but a redesigned BRD would need to be tested at a wide scale to verify its effectiveness. Recent studies have investigated gear modifications to reduce bycatch in traps, but these usually focus on enhancing escape rates of non-target species through various forms of escape hatches (Bury, 2011; Johnson, 2010; Boutson et al., 2009) rather than preventing their entry. The much lower volume of work on BRD development for traps, compared to trawl and longline fisheries, may stem from the perceived high selectivity of traps. However, not all traps are highly selective (Alverson et al., 1994) , and in some ecosystems and regions, trapping is a major contributor to overall catch and bycatch (Mahon and Hunte, 2001; Shester and Micheli, 2011) . Our study demonstrates that BRDs have the potential to reduce bycatch, even for gear with relatively high specificity, but the design of such devices should be underpinned by a thorough understanding of the behaviour, distribution, and physical characteristics of the target and non-target species. 
